Introduction {#s1}
============

Owing to the rapid deterioration of seasonally dry tropical forests ([@PLS027C47]), we need to select native plant species that will help regenerate this habitat and stop its fragmentation. To do this, it is necessary to know the biology, the ecology, and the propagation and management systems of the new species ([@PLS027C58]). The genus *Bursera* is a dominant element of the seasonally tropical dry forest, especially in the Mesoamerican Hotspot ([@PLS027C38]) and specifically in Mexico. There are 106 species of *Bursera*, 80 of which are endemic to Mexico ([@PLS027C5]; [@PLS027C45]; [@PLS027C6]). In spite of the richness, abundance and endemism of *Bursera*, the different processes that contribute to the reproductive success of the species, such as dispersion, pollination, competition, herbivory and the sexual system, and the dependence or contribution of each of these factors to their population dynamics, are practically unknown ([@PLS027C54]). The first step to understanding such a network of processes, and which constitutes the main purpose of this study, is to acquire knowledge of the *Bursera* fruit as the structure containing the dispersion unit. It will then be possible to develop further studies about germination, seed dispersal and, subsequently, recruitment and seedling survival.

According to descriptions by [@PLS027C44], [@PLS027C45]), *Bursera* seeds disperse through the 'endozoochory syndrome', which means that the seeds are protected against physical and chemical damage by a hard layer, their pulp is rich in nutrients and their colour contrasts with the colour of the surrounding vegetation ([@PLS027C55]; [@PLS027C30]). An obstacle for the propagation and management of *Bursera* has been the absence of information regarding its germination. The germination rate of the 12 studied species of *Bursera* was \<50 %, mainly due to the presence of 'empty' seeds. These results were attributed to the immaturity of the embryo and to genetic factors such as endogamy ([@PLS027C1]; [@PLS027C7]). Two other species also showed the presence of 'empty' fruits ([@PLS027C59]; [@PLS027C41]). These 'empty' fruits or seeds have been interpreted as parthenocarpy (the production of seedless fruits) but, excluding *Bursera morelensis*, the structural characteristics and the ecological role of seeded and seedless fruits remain unknown. Seed development in *B. morelensis* shows a time gap as regards the development of the ovary. The fertile ovule becomes latent for 7--11 months; the valves in these fruits are completely released, showing a brightly coloured pseudoaril ([@PLS027C41]). This same time gap was reported for *Bursera delpechiana* and *B. medranoana* ([@PLS027C48]; [@PLS027C13]). Parthenocarpic fruits in *B. morelensis* are characterized by their development even in the absence of pollination, and abortion of the ovule is frequently caused by an abnormal growth of the ovary walls which ultimately crush the ovule. Regardless of the abortion of the ovule, the fruit continues its development, although as the stage of seed dispersal approaches, the fruit dries, the valves open partially, rarely falling off completely, and the fruit can remain on the tree even if the next flowering and fructification stages have started. During their development histologically, these fruits have fewer chemical and physical defences than those with seeds ([@PLS027C41]). The same research with *B. morelensis* suggests that abortion of the ovule can also be caused by insects; these seeds can be recognized by the holes left by the insects when they deposit their eggs or when they abandon the fruit. [@PLS027C7] also mention the presence of 'empty' seeds, deformed and with holes, although they do not refer to their possible origin. Considering that seeds develop from ovules and that, when mature, they have embryos, endosperm (in most cases) and testa ([@PLS027C17]), the use of the term 'empty seed' in the literature is contradictory. The anatomical description of the *Bursera* fruit, absent in the literature, can contribute to understanding the arrangement of different layers of the pericarp, and to define the composition of the dispersal unit. It can also help to better understand the phylogenetic relationships with other members of the Burseraceae family which, for a long time, have been based on the morphological characteristics of the fruit ([@PLS027C4]; [@PLS027C14]), and with members of the Anacardiaceae family, to which it is strongly related ([@PLS027C62]; [@PLS027C2]).

Accordingly, the particular objectives of this study were (i) to describe the phenological characteristics of 12 species of *Bursera* with regard to the production and maturation of the fruit; (ii) to determine whether the fruit of *Bursera* with seeds has the same structural pattern, by using 12 species that represent the six groups comprising the genus according to [@PLS027C4]; (iii) to establish whether the 'empty' fruits\' are parthenocarpic, and to assess their physical and chemical defenses from a histochemical and anatomical perspective; (iv) to determine whether the time lag between the development of the ovule and the development of the ovary is a common phenomenon in the 12 species; and (v) to determine whether the fruits of the 12 species are inhabited by insects, linking their presence to the phenological and structural characteristics of the fruits.

Materials and methods {#s2}
=====================

Twelve species of *Bursera* trees and shrubs were studied (Table [1](#PLS027TB1){ref-type="table"}). Nine of these species are endemic to México ([@PLS027C44], [@PLS027C45]). Table [2](#PLS027TB2){ref-type="table"} shows the characteristics of the collection sites. The fruits of the studied species can be found alone, in pairs, or in small groups. The ovary is bilocular or trilocular (depending on the species), with two ovules per locule. In general, only one seed develops and it will be totally or partially covered by a pseudoaril. Flowering takes place at the beginning of the rainy season between April and June ([@PLS027C44], [@PLS027C45]; [@PLS027C40]). Fruit production is annual, and the size of the harvest suggests a masting behaviour ([@PLS027C42]). Table 1Morphological characteristics of the fruit in 12 *Bursera* species and sampling site; nine of them are endemic to Mexico (^a^). Fruit form; number of valves of the fruit; number of locules in the ovary. Gathered information from [@PLS027C44], [@PLS027C45]) and [@PLS027C28].SpeciesFruit formValvesLoculesSite*B. aptera*^a^Spherical to ovoid, apiculateThreeThreePuebla*B. arida*^a^Ovoid, apiculateThreeThreePuebla*B. bicolor*^a^ElongateTwoTwoMorelos*B. biflora*^a^Ellipsoid, ovoidTwoTwoPuebla*B. bipinnata*ObovoidTwoTwoMorelos*B. copallifera*^a^Oblong capsuleTwoTwoMorelos*B. fagaroides*Ovoid to subspherical, slightly apiculateThreeThreePuebla*B. glabrifolia*^a^Ellipsoid to sphericalTwoTwoMorelos*B. grandifolia*^a^Ellipsoid, ovoidThreeThreeMorelos*B. lancifolia*^a^OvoidThreeThreeMorelos*B. schlechtendalii*Obliquely ovoid, apiculateThreeThreePuebla*B. submoniliformis*^a^Ovoid to obovoidTwoTwoPuebla Table 2Characteristics of the study sites. Information obtained from [@PLS027C18], [@PLS027C36], [@PLS027C26] and [@PLS027C10].Site 1Site 2LocationBarranca de Muchil alluvial fan, San Rafael Coxcatlán, Tehuacan Valley, Puebla, MéxicoTembembe river basin, archeological zone of Xochicalco, San Agustín Tetlama, Morelos, MéxicoGeographic coordinates18°12′ and 18°14′N18°48′ and 18° 50′N97°07′ and 97°09′W98° 17′ and 99° 19′WAltitude (m a.s.l.)10001200--1500ClimateDry with summer rainsWarmMean annual temperature25 °C21 °CMean annual rainfall394.6 mm1000--1500 mmDry seasonNovember to MayOctober to MayPredominant vegetationTropical deciduous forestTropical deciduous forestMost important species*Fouqueria formosa, Bursera morelensis, Escontria chiotilla* and *Pachycereus weberiBursera copallifera, Bursera glabrifolia, Pseudosmodingium perniciosum, Ipomoea wolcottiana*, *Alvaradoa amorphoides* and *Dodonea viscosa*

Phenology {#s2a}
---------

The phenology of the species was described after six visits to the study sites (2010: February, May, mid-June, end of July and early December; 2011: May 2011). The production periods of leaves, flowers and fruits of female individuals per species (*n* = 324, minimum 10 trees, maximum 40 trees) were registered after qualitative observations. Species from the state of Puebla had been checked previously (May 2005 to May 2007) ([@PLS027C41]). The flowering period of the species from the state of Morelos was determined after a literature search. The qualitative record of the reproductive period in which the trees were found was obtained during the first two visits. The approximate dates of the rainy season, the approximate amount of fruits produced by the trees and phenological periods were obtained through consultation with the inhabitants of the local community. The species were identified with the help of the literature ([@PLS027C28]; [@PLS027C44]) and local guides. The individuals in places that were difficult to access, or those that were too high up, were viewed through binoculars. The species with fruits---*B. aptera*, *B. arida*, *B. fagaroides* and *B. schlechtendalii*---were identified and marked from the beginning (February) by the characteristics of the trunk and the presence of fruits. The rest of the species were identified and marked once the flowers and leaves had developed (June).

Fruit features {#s2b}
--------------

Three fruit collecting stages were established during the fruiting season 2010--2011: the initial stage of development or when fruit set occurs, a middle stage that considered the latency period of the ovule and the final stage when seed dispersal occurs. The middle stage was defined as the period after the fruit set stage and before dispersal. The four species with fruits in February and May had a middle stage in December. According to the literature and people from the local community, fruit removal in other species began in October and ended in December, so the middle stage was established at late July.

Collections were made in three trees of each species chosen at random in order to determine the structural characteristics of fruits with seeds and of 'empty' fruits, as well as the developmental stage of the ovule with regard to the stage of maturation in which the fruit was found. The same trees were used in every collection; we collected 50 fruits per tree, they were fixed with FAA (formol, acetic acid, 96 % ethanol and water 1 : 0.5 : 5 : 3.5) and taken to the laboratory. All fruits were dissected under a stereoscopic microscope and grouped in three different categories after registering the proportion of fruits with ovules or developing embryos, and fruits with an aborted ovule, occupied or not by insects. The occupied fruits were those with insects in any stage of development, or those that had oviposition marks or exit holes. Three samples per category were chosen randomly, embedded in paraffin and slices between 6 and 8 µm cut with a microtome. Approximately 700 glass slides were stained with safranin--fast green in order to describe their characteristics. Five hundred and forty glass slides and different staining methods were used to reveal the presence of starch (Lugol test), tannins (Vanillin test), cutin and suberin (oil red O), lignin (phloroglucinol-HCl) and insoluble polysaccharides and proteins (naphthol black blue-periodic acid-Schiff reagent). A second group of samples was chosen and dried to a critical point, coated with gold and observed under a scanning electron microscope (SEM). All techniques were carried out according to [@PLS027C35].

The stained glass slides were observed under a light microscope and a photographic record was created for all the results. Photographs were taken under an optical microscope (Olympus Provis AX70, Tokyo, Japan), a scanning microscope (JEOL Model JSM-5310LV, Tokyo, Japan; magnification 15× to 200 000×), and a stereoscopic microscope (Zeiss, Oberkochen, Germany). Additionally, during the seed dispersal period, we collected from the trees (*n* = 30 fruits per species) fruits with an exposed pseudoaril as well as dry fruits, in order to describe their external characteristics.

Results {#s3}
=======

Phenology {#s3a}
---------

The species had similar phenological characteristics except for their maturation periods. Two groups were created according to their shared characteristics. The first group (Group A) included *B. bicolor, B. biflora, B. bipinnata, B. copallifera, B. glabrifolia, B. grandifolia, B. lancifolia* and *B. submoniliformis*. The second group (Group B) included *B. aptera*, *B. arida*, *B. fagaroides* and *B. schlechtendalii.* Fruit maturation took place from June to December in Group A, and from June to May in Group B (Table [3](#PLS027TB3){ref-type="table"}). Leaf and flower production in all species took place during the third week of June, 1 week after the beginning of the rainy season. Floral buds, anthetic flowers and young green fruits (yellow fruits in *B. aptera*) of different sizes were seen in the same individual during this stage. Young fruits reach their final size in July. Fruits in the process of abortion (with brown shades) were seen in both groups. Dry fruits were seen in every visit in Group B, some from February to May which belonged to the 2009--2010 fruiting season. Leaves from the Group A trees began to fall. No abortion was seen in Group B. In species in Morelos, the canopy was slightly destroyed by herbivory. In Puebla, herbivory was seen only in *B. submoniliformis.* In December, species from Group A had seeds with an exposed pseudoaril, immature fruits and dry fruits; some species of birds were also seen searching for food on the branches and feeding on fruits with an exposed pseudoaril. Ants were seen carrying fruits with an exposed pseudoaril. Trees in Group B had no leaves left, only immature fruits and dry fruits. The dispersal stage was registered in May 2011. Table 3Phenological characteristics of 12 species of *Bursera.* Group A includes *B. bicolor, B. biflora, B. bipinnata, B. copallifera, B. glabrifolia, B. grandifolia, B. lancifolia* and *B. submoniliformis.* Group B includes *B. aptera*, *B. arida*, *B. fagaroides* and *B. schlechtendalii.* Species checked at the end of the 2009--2010 fruiting season and during the season 2010--2011. The leaf, flower and fruit production periods, and the number of individuals per species (*n* = 324, minimum 10, maximum 40 trees) were qualitatively recorded. Species were identified with the help of the literature ([@PLS027C28]; [@PLS027C44]) and local guides.February--MayMid-JuneEnd of JulyBeginning of DecemberMayStageInitialIntermediateFinalGroup ATrees without leaves or reproductive structuresProduction of leaves and flowers. Fruit set and fruit growthLatent stage, immature fruits with their final size. Begins the leaf abscission. Dry fruitsFruit maturation, exposed. Seed dispersal. Dry fruitsTrees without leaves or reproductive structuresStageInitialIntermediateFinalGroup BFruit maturation, exposed pseudoaril Seed dispersal. Dry fruitsLeaf and fruit production. Fruit set and fruit growth. Dry fruitsFruit growth. Latency stage, immature fruits with their final size. Trees with leaves. Dry fruitsLatency stage, immature fruits with their final size. Dry fruits. Leafless treesFruit maturation, exposed pseudoaril Seed dispersal. Dry fruits

Fruit development {#s3b}
-----------------

The fruit reaches its final size in the first stage of development (fruit set or fruit development) during a period no longer than 2 weeks. In species with a trilocular ovary, one of the ovules develops (rarely two), the locule carrying it expands, while the other two ovules shrink and the remaining ovules are aborted (Fig. [1](#PLS027F1){ref-type="fig"}). Once the fruit has reached its final size, the ovule stops developing and remains without visible changes from 5 to 6 months, in some cases 11 months; therefore, maturation is asynchronous. Subsequently, the ovule restarts its development until it becomes a seed: maturation is a 7-month process. The difference in species with a bilocular ovary is the latency period which lasts 3--4 months; seeds and fruits take \<6 months to complete their development. During the seed-dispersal stage, the valves open and fall off, exposing the orange--red or red pseudoaril. In *B. bicolor*, we found fruits with one developing embryo in each locule; however, we do not know whether these seeds are viable because they are smaller than those that develop as a single seed. Moreover, no open fruits with two seeds were found. In species from Group B, as well as in *B. lancifolia, B. grandifolia* and *B. copallifera*, the seed was always completely covered by the pseudoaril. In *B. biflora*, the pseudoaril covered less than two-thirds of the seed. In the rest of the species (*B. bicolor, B. bipinnata, B. submoniliformis* and *B. glabrifolia*), coverage of the pseudoaril was either complete or incomplete. All dissected fruits with an exposed pseudoaril had an embryo, which suggests that fruits need to open the valves in order to ensure the presence of a seed. Fig. 1**Cross-sections of the bilocular ovary of *B. submoniliformis* (A), and a trilocular ovary of *B. aptera* (B), with a fertile ovule and the placental sept that divides the locule.** Scale = 200 μm. fo, fertile ovule; lo, locule; se, septum; fu, funicule ovule. Fruits were collected during the initial stage of development (*n* = 50 fruits per three trees per species) and fixed with FAA. Fruits were dissected and grouped into three categories (fruits with ovule or embryo in development; fruits with aborted ovules, occupied by insects; and fruits with aborted ovules, unoccupied). Photographs were taken with bright-field illumination.

The characteristic of dry fruits is the absence of an embryo. The remains of an aborted ovule and/or endocarp malformations were found inside these dry fruits. At least one of the valves remains strongly attached to the rest of the fruit. Immature fruits with all the ovules aborted were seen during the three stages of development. These fruits were undetectable at first sight as they show the same morphological characteristics as immature fruits with a developing embryo.

Fruit structure {#s3c}
---------------

Once the fruit has reached its final size, the wall of the ovary shows an exocarp, a mesocarp and an endocarp (Fig. [2](#PLS027F2){ref-type="fig"}A), and the next changes correspond to tissue differentiation. The exocarp is parenchymatous, consisting of a cuticle, a monostratified epidermis and a pluristratified subepidermis (Fig. [2](#PLS027F2){ref-type="fig"}B). During this stage, the mesocarp has two layers; the external one is parenchymatic, characterized by the presence of resin canals associated with vascular bundles (Fig. [2](#PLS027F2){ref-type="fig"}C). The internal mesocarp consists of a series of 5--10 small cells (depending on the species), which conform to the dehiscent zone of the fruit, and that originate the pseudoaril when they divide. This division was more evident in species with an incomplete pseudoaril. The internal mesocarp and the endocarp are separated by a stratum of cells with calcium oxalate crystals (Fig. [2](#PLS027F2){ref-type="fig"}D). The endocarp consists of several strata of sclerenchymatous cells which become enlarged, lose their content and rapidly widen the walls; we then have a stratum of parenchymatic cells and, finally, we see the pluristratified internal epidermis (Fig. [2](#PLS027F2){ref-type="fig"}D). The structural characteristics of the ovary walls in immature fruits with an aborted ovule were the same as those described above; therefore, the presence of tissues with no indication of abscission, and the absence of a seed confirm the phenomenon of parthenocarpy in all the species. Fig. 2**Cross-sections of the ovary of *Bursera* during the initial stage of development.** (A) Wall of the pericarp of *B. biflora* with the general characteristics of 12 studied species; scale = 200 μm. (B) Exocarp of *B. arida*; scale = 25 μm. (C) Mesocarp of *B. schlechtendalii*; scale = 100 μm. (D) Endocarp and mesocarp of *B. submoniliformis*, the oval indicates the area where the internal mesocarp divides to give way to the pseudoaril; scale = 100 μm. Abbreviations: ex, exocarp; me, mesocarp; en, endocarp; rc, resiniferous canal; vb, vascular bundles; dz, dehiscence zone; tr, trichome; cu, cuticle; ep, epidermis; sep, subepidermis; pc, parenchymatic cells; ps, pseudoaril; cc, crystalliferous cells. Fruits were collected during the initial stage of development (*n* = 50 fruits per three trees per species), and fixed with FAA. Photographs were taken with bright-field illumination in (A), (B) and (D), and phase-contrast illumination in (C).

Cells with secondary walls on the exocarp and endocarp were seen during the intermediate stage. Also seen was the production of calcium oxalate crystals in different areas of the ovary (Fig. [3](#PLS027F3){ref-type="fig"}A). The disposition and amount of crystals were different depending on the species as well as the presence/absence of a developing ovule (Table [4](#PLS027TB4){ref-type="table"}). Nevertheless, it was possible to see them in the area of union of the carpels attached, the subepidermis and to the most internal stratum of the mesocarp in all the species (Fig. [3](#PLS027F3){ref-type="fig"}B). Other zones with crystals were the external mesocarp, dehiscent area (Fig. [3](#PLS027F3){ref-type="fig"}C), funicule of the viable ovule, placental sept, viable ovule and abortive ovules (Fig. [3](#PLS027F3){ref-type="fig"}D). Most crystals were found in the placental sept and the funicule of the ovule, but in some of the species, like *B. copallifera* and *B. fagaroides*, they were seen in the external mesocarp, while in other species, like *B. aptera* and *B. glabrifolia*, they were found in the dehiscent area or in the internal mesocarp. The viable fruits (with a developing ovule) in *B. bicolor*, *B. copallifera* and *B. schlechtendalii* had crystals in the abortive ovules. The amount of crystals was very small during the initial stage of development and they would usually be on their own; nevertheless, during the intermediate stage, small groups of about five or six crystals, and sometimes even more, were seen. Fewer crystals were seen in parthenocarpic fruits of all species in relation to the density of the fruits with seed (Table [4](#PLS027TB4){ref-type="table"}). In viable fruits of *B. arida*, the larger crystals were seen in the subepidermis and the external mesocarp, and sometimes they were invading the internal mesocarp (Fig. [4](#PLS027F4){ref-type="fig"}A), while no crystals were seen in parthenocarpic fruits. Table 4Distribution and amount of calcium oxalate crystals in fruits with seeds (S) and parthenocarpic fruits (P), in the intermediate stage of maturation. They are represented by the presence and proportion of crystals in each structure: (+) solitary or in pairs, (++) in groups of four to six, (+++) in groups of more than seven crystals. Fruits were collected during the intermediate development stage (*n* = 50 fruits per three trees per species) and fixed in FAA. Slices were viewed with cross-polarized light illumination and phase-contrast illumination. At least three repetitions were made for each type of fruit for each species.SpeciesOuter mesocarpDehiscence zoneSeptumOvule funiculeViable ovuleAborted ovulesSPSPSPSPSSP*B. aptera***+++++−++++−++−***B. arida***+++−−+++++++−−+***B. bicolor***−−−−+++++++++++++***B. biflora***−−−−++++++−−−***B. bipinnata***++−−−+++++++−−***B. copallifera***++++−−++++++++++++++++***B. fagaroides***++−−−+++−−−−−***B. glabrifolia***++−++−+++++++−−−***B. grandifolia***−−−−+++++++−−−***B. lancifolia***+−++−+++−+++−−−***B. schlechtendalii***+−−−++++++++−++++***B. submoniliformis***−−−−+++++++−−−−** Fig. 3**Cross-section of the ovary of *Bursera* during the intermediate stage.** (A) Pericarp of *B. grandifolia* showing cells with secondary walls; scale = 400 μm. (B) Pericarp of *B. copallifera* showing the disposition of the calcium oxalate crystals (arrows) found in 12 studied species; scale = 400 μm. (C) Crystals in the dehiscence area of *B. glabrifolia*; scale = 100 μm. (D) Abortive ovules of *B. schlechtendalii*; scale = 100 μm. ex, exocarp; me, mesocarp; en, endocarp; rc, resiniferous canal; dz, dehiscence zone; cc, crystalliferous cells. Fruits were collected during the intermediate stage of development (*n* = 50 fruits per three trees per species) and fixed with FAA. Photographs were taken with bright-field illumination in (A), cross-polarized light illumination in (B) and phase-contrast illumination in (C) and (D). Fig. 4**(A) Group of calcium oxalate crystals (druses), accompanied by tannins on the exocarp and external mesocarp of *B. arida* during the dispersal stage; scale = 50 μm**. (B) Sclerenchymatic cells associated with vascular bundles on the mesocarp of *B. bipinnata*; scale = 200 μm. (C) Cell of multilaminated wall of the lignified endocarp of *B. aptera*; scale = 1 μm. Abbreviations: me, mesocarp; sep, subepidermis; en, endocarp; d, druses; tc, tanniniferous cells; ps, pseudoaril; sc, sclerenchymatic cells; dz, dehiscence zone; rc, resiniferous canal; is, intracellular space; mw, multilamellar wall. Fruits were collected during the final development stage (*n* = 50 fruits per three trees per species). In (A) and (B), the fruits were fixed with FAA and imbibed in paraffin; photographs were taken with bright-field illumination. In (C), fruits were dried to a critical point and covered in gold, SEM micrograph.

While the viable ovule remains with no apparent changes, groups of sclerified cells, associated with the vascular bundles, were seen in the internal mesocarp (Fig. [4](#PLS027F4){ref-type="fig"}B). The endocarp lignifies, forming a very hard structure that consists of a network of cells with a very thick multi-laminated wall that strongly reduces the cell light (Fig. [4](#PLS027F4){ref-type="fig"}C). The endocarp\'s hardness is tightly related to the presence of the embryo, and it is this tissue that provides the necessary protection to the seed, as the testa is soft tissue and can easily be broken (Fig. [5](#PLS027F5){ref-type="fig"}). During the dispersal stage, the exocarp and the external mesocarp separate from the rest through the dehiscence zone, which permits sight of the pseudoaril, which can be seen in trees and is part of the pericarp enclosing the seed. The exposed portion of the endocarp, extremely hard and bright black even in fruits with an incomplete pseudoaril, can be seen. Fig. 5**(A) Fruit of *B. arida* with a developing embryo; scale = 100 μm.** (B) Higher magnification of the box marked in (A), showing the detail of the seed\'s cover; scale = 10 μm. Abbreviations: em, embryo; sco, seed coat; en, endocarp. Fruits were collected during the final development stage (*n* = 50 fruits per three trees). Fruits were dried to a critical point and covered in gold, SEM micrographs.

Two patterns related to the development of the endocarp were found in parthenocarpic fruits. In the first one, the cells of the endocarp multiply in an abnormal fashion. Subsequently, they enlarge, filling the locule and crushing the viable or the aborted ovule; only some areas lignify and develop a relatively hard tissue (Fig. [6](#PLS027F6){ref-type="fig"}A). On the contrary, lignification of the endocarp of a viable fruit in a similar or later stage of development complicates the histological processing of the sample; therefore, the pericarp and the delimitation of the layers is better seen with a SEM (Fig. [6](#PLS027F6){ref-type="fig"}B). In the second development pattern of the endocarp in a parthenocarpic fruit, the cells of the endocarp collapse and originate a soft tissue even in the first stages of development (Fig. [6](#PLS027F6){ref-type="fig"}C), contrasting with the cell organization of the viable fruit (Fig. [6](#PLS027F6){ref-type="fig"}D). In both cases of abortion of the ovule, the mesocarp and exocarp showed the same characteristics as the viable fruit (Fig. [6](#PLS027F6){ref-type="fig"}B and D). No starch was found in the tissues; the cuticles had cutine and suberine. Complex carbohydrates and proteins were found distributed along the wall of the ovary during the initial stage of development of all fruits. When the viable fruit starts maturing, the endocarp consists of lignin and proteins. Nevertheless, in parthenocarpic fruits, the absence of lignin produces a much softer protein-rich tissue (Fig. [6](#PLS027F6){ref-type="fig"}E and F). Fig. 6**(A) Proliferation of the endocarp filling the locule in the parthenocarpic fruit of *B. arida*; scale = 400 μm; safranin--fast green staining.** (B) Viable fruit of *B. schlechtendalii* with a developing ovule and normal pericarp; scale = 1 mm. (C) Parthenocarpic fruit of *B. lancifolia* with a collapsed endocarp and infertile ovules; scale = 200 μm. (D) Viable fruit of *B. bicolor* in early development stages. (E and F) Result of the lignin test on the parthenocarpic fruit (E) and viable fruit (F) of *B. arida*, the positive result in (F) is characterized by the strongly black-tinted cell walls. Abbreviations: enp, proliferation of endocarp; lo, locule; fo, fertile ovule; io infertile ovule; me, mesocarp; ps, pseudoaril; en, endocarp; l-en, lignified endocarp. Fruits were collected during the initial and intermediate stages of development (*n* = 50 fruits per three trees per species), and fixed with FAA. Fruits were dissected and grouped into three categories (fruits with ovule or embryo in development, and fruits with aborted ovule, occupied, or not, by insects). For the lignin test in (C) and (D), we used phloroglucinol-HCl previously deparaffinated with gradual ethanols ([@PLS027C35]). Photographs were taken with bright-field illumination in (A), (C), (E) and (F); photographs of scanning microscopy (15× to 200 000×) in (B) and (D).

Tannins were found in all of the species, their distribution and amount varied in relation to the species and the age of the fruit. These are produced during the latency stage of the fruit, mainly in the subepidermis, the external mesocarp and the ovule, and persist during the dispersal stage. Species in Group B had more tannins than those in Group A. This difference was also seen among the types of fruits produced, as the parthenocarpic fruits had much less tannins than those with seeds. In fact, no tannins were found in parthenocarpic fruits of *B. aptera*. The apparent latency of the ovule is interrupted and it is possible to see embryos in the first stages of development; this was seen mainly during the dispersal stage in fruits that were still indehiscent but whose colouration indicated they were near maturation, i.e. when the green exocarp started acquiring a reddish (in most species), purple (in *B. fagaroides*) or orange--yellow (in *B. aptera*) colouration. During the same stage, fruits in Group B had an abnormally developed endocarp and an ovule with not enough space to develop after its activity had re-initiated. These results indicate that fruits of all species develop while the ovule remains in an apparent state of latency.

Fruits and insects {#s3d}
------------------

All species had parthenocarpic fruits; the proportion varied between species, and no general pattern between production and maturation stage was found (Table [5](#PLS027TB5){ref-type="table"}). In *B. arida, B. biflora* and *B. grandifolia*, the proportion of parthenocarpic fruits increased from the first stage to the third. In *B. aptera, B. schlechtendalii, B. copallifera, B. lancifolia* and *B. bicolor*, the percentage of fruits increased during the second stage compared with the first stage, but decreased during seed dispersal, while in *B. fagaroides, B. bipinnata* and *B. glabrifolia*, the opposite pattern was seen. Finally, in *B. submoniliformis*, the percentage of these fruits showed a decreasing tendency. Table 5Average percentage of parthenocarpic fruits with/without insects recorded during the initial, intermediate and final development stages. Species were arranged by group, and the percentage of parthenocarpic fruits without insects during the initial stage. Fruits were collected and fixed in FAA (*n* = 50 fruits per tree per species per stage). Collection took place during the 2010--2011 fructification season.StageInitialMiddleFinalWithout insectsOccupied by insectsWithout insectsOccupied by insectsWithout insectsOccupied by insects*B. aptera*42.680.6445.540.5914.620.66*B. fagaroides*14.909.84012.661.33*B. arida*7.94023.94026.660*B. schlechtendalii*1.7903.340.951.330*B. bipinnata*13.7913.795.453.637.93*B. glabrifolia*805.17011.742.26*B. submoniliformis*6.016.013.7302.870*B. copallifera*3.693.6915.831.64.330*B. lancifolia*2.61011.592.897.90*B. biflora*0.53011.31041.350*B. bicolor*006.8906.330*B. grandifolia*001.5605.130

The four species with fruits unoccupied by insects were *B. arida, B. bicolor, B. biflora* and *B. grandifolia*. Three species of Group B had fruits with insects. These fruits were parthenocarpic and full of tissue, and abortion of the ovule took place before occupation by insects as in some cases the ovule was intact, immersed in the tissue or else had stopped its development during the very early stages (Fig. [7](#PLS027F7){ref-type="fig"}). Also, five species of Group A had insects in some stage of development. All of these fruits had an aborted ovule; nevertheless, during the initial and intermediate stages, it was impossible to determine whether the abortion had been caused by an insect or had taken place before insect occupation. In the following data interpretation, we assume that these fruits were parthenocarpic because the walls of the ovary had the characteristics described above. The insects found were wasps in the three stages: larvae, pupae and adults (Hymenoptera: Chalcidoidea), as well as pupae of coleoptera (Coleoptera: Chrysomelidae). Fig. 7**Fruits of *Bursera* occupied by insects (arrowheads).** (A) Fruit of *B. aptera* with two pairs of aborted ovules (arrows), indicating an abortion during the very early stages of development. (B) Fruit of *B. aptera* with the locule full of tissue and an adult wasp in its interior. (C) Fruit of *B. bipinnata* with a pupa of a beetle; the line indicates the width of the cocoon. Scale = 1 mm. Fruits were collected during the initial stage (*B. bipinnata*) and final stage of development (*B. aptera*, *n* = 50 fruits per three trees). Fruits were dried to a critical point and covered with gold, SEM photographs.

The average number of occupied fruits was below or the same as the proportion of unoccupied fruits in the three stages (Table [5](#PLS027TB5){ref-type="table"}). In species of Group A (except *B. glabrifolia*), occupation was higher during the initial stage, while species in Group B had more insects towards the dispersion stage. In *B. schlechtendalii*, a wasp larva was found during the intermediate stage. This larva was in a state of decomposition in the mesocarp; the ovule and the lignified endocarp looked undamaged. This phenomenon was also seen in *B. bipinnata* during the dispersal stage, a fact which suggests that the lignified endocarp is one of the strongest defenses against insects.

Discussion {#s4}
==========

Fruiting phenology {#s4a}
------------------

The phenology of the studied species was very similar to that of *B. morelensis* and other species of trees typical of dry seasonal tropical forests ([@PLS027C9]; [@PLS027C8]; [@PLS027C41]). The development of the fruit showed the same pattern described for *B. morelensis* and *Canarium oleosum* ([@PLS027C62]; [@PLS027C41]), in which only the locule that will contain the seed develops. The results suggest that the lack of synchronicity between the development of the ovary and the development of the seed is another characteristic of the genus *Bursera*, as this takes place in the 12 studied species, besides *B. delpechiana, B. medranoana* and *B. morelensis* ([@PLS027C48]; [@PLS027C13]; [@PLS027C41]).

Structure {#s4b}
---------

The structure and differentiation of the pericarp of *Bursera* show an immense similarity to those of the genus *Commiphora* published by [@PLS027C56], suggesting a morphologic sinapomorphy. Nevertheless, ontogenetic studies are necessary to demonstrate this ([@PLS027C51]; [@PLS027C14]). The resiniferous canals associated with the vascular bundles in the external mesocarp are a characteristic shared by the 12 species and by *Canarium oleosum* ([@PLS027C62]). The endocarp with sclereids is also a characteristic of *C. oleosum*, Spondiadoideae and Anacardioideae (Anacardiaceae), supporting [@PLS027C62], who suggested that it is a plesiomorphic characteristic in the Anacardiaceae family.

From a structural point of view, the viable and parthenocarpic fruits of *Bursera* are similar, as is the case with *Schinopsis balansae* (Anacardiaceae) ([@PLS027C27]). Nevertheless, the difference with our study lies in the observation that the parthenocarpic fruits keep the characteristics of the immature fruits, such as the soft tissue with a high availability of nitrogen compounds, and a limited production of secondary metabolites.

According to [@PLS027C16], besides its mechanical purpose, the seed cover, or a part of it, can develop structures that will help dispersion, such as a brightly coloured pulp (aril) that will attract dispersers. Results indicate that the protective role of the testa has been transferred to the endocarp, like in Anacardiaceae ([@PLS027C12]; [@PLS027C62]), and the attractive tissue is the pseudoaril, thus named because it is part of the fruit and not of the seed ([@PLS027C21]). As a consequence, the unit of dispersion of the species studied consists of the seed, the endocarp and the pseudoaril or internal mesocarp. No external differences between the immature viable fruits and the immature perthenocarpic fruits were found. Nevertheless, the data indicate that the exposed pseudoaril is a sign of maturity of the seed, as suggested by [@PLS027C1], apart from being a characteristic of the viability of the fruit, like in *B. morelensis* ([@PLS027C41]; [@PLS027C40]).

*Bursera glabrifolia* provided an interesting piece of information: two-thirds of its pseudoaril, sometimes all of it, covering the pyrene, the same as in the Copallifera group in which *B. submoniliformis*, *B. bipinnata*, *B. bicolor* and *B. copallifera* are found ([@PLS027C4]). Molecular phylogeny assembles *B. glabrifolia* with *B. biflora*, and other species, in the Glabrifolia group, in which less than two-thirds of the pyrene is covered by the pseudoaril ([@PLS027C4]). [@PLS027C52] included the pseudoaril as a taxonomic character in a study of the species in the state of Guerrero, México; thus, in this context, it would be useful to do a revision of the morphological characteristics that fit the most recent results on the phylogeny of the genus ([@PLS027C15]).

Parthenocarpy {#s4c}
-------------

Results show that parthenocarpy might be a common phenomenon in *Bursera* and can take place during any stage of development, as has been suggested by [@PLS027C41] and [@PLS027C48]. It is also possible that parthenocarpy is a plesiomorphic character present in a common ancestor of both the Burseraceae and the Anacardiaceae families, selected for an unknown reason, and that has remained thus to this day ([@PLS027C59]; [@PLS027C41]). The abortion of the ovule and the absence of tissue in the locule seen in species with short ripening or maturation periods are very similar to those of *Pistacia lentiscus*, another parthenocarpic species of the Anacardiaceae family in which fruits with remains of the funicule or of aborted embryo have been reported ([@PLS027C34]). The abnormal development of the pericarp, common in species with longer periods of maturation or ripening, coincides with what has been described for *B. morelensis* ([@PLS027C41]). This phenomenon is well known in artificially manipulated crops such as citrus plants. Parthenocarpy could therefore be related to a hormonal imbalance, as is the case with such crops ([@PLS027C25]; [@PLS027C57]).

Insects and fruits {#s4d}
------------------

The presence of insects in the fruits seems to be related to diminished physical and chemical defenses as well as to nutrient availability; both of these factors are also influenced by the period of time the fruits take before they mature. The tannins, lignin and calcium oxalate crystals are known to reduce the palatability of the tissues, inhibit the digestion of carbohydrates, reduce the growth rate of many insects and harden plant tissues ([@PLS027C22]; [@PLS027C43]; [@PLS027C63]; [@PLS027C37]; [@PLS027C50]). For many plant species, therefore, predation of fruits and/or seeds by insects is related to scarce chemical and physical defenses ([@PLS027C64]; [@PLS027C32]). In addition, species that retain their fruits for long periods of time have more defences than those species with short maturation periods ([@PLS027C49]). All this would explain why more insects were found during the first stages of development and in parthenocarpic fruits. It also explains the variation found in the production of secondary metabolites between the initial stage and the intermediate stage, and why the species of Group A had less tannins those in Group B.

Those insects that did not trespass into the lignified endocarp have already been described in another study on *B. morelensis* ([@PLS027C3]). In that study, the endocarp moved inwards, reducing the locule, which had the embryo with no indications of abortion. The space left by the movement was occupied by a larva that fed on the mesocarp. This suggests that the lignified endocarp of *Bursera* is the best, and maybe the last, defence against insect predation during the development of the embryo.

Because of the scarce information on Neo Tropical phytofagous entomofauna (V. Hernández-Ortiz, Instituto de Ecología A.C. México, pers. commun.), as well as the small number of specimens obtained, we can only speculate on the possible interactions of the insects found. The superfamily Chalcidoidea is characterized for grouping a large number of parasitoid insects ([@PLS027C24]). Nevertheless, in this and other studies on *Bursera* ([@PLS027C41]; [@PLS027C3]), no evidence has been found on wasps as parasites of another insect inside the fruit. There is the possibility that, when they do not find their primary food, the parasitoid eats other resources ([@PLS027C20]) such as the embryo and/or pericarp of *Bursera* ([@PLS027C3]). The availability of nitrogenated compounds in immature and parthenocarpic fruits of *Bursera* could mean they are a food resource for the larvae until they become adults ([@PLS027C46]). This result could also explain why granivorous birds eat parthenocarpic fruits of *B. morelensis* ([@PLS027C40]), as the removal of these fruits coincides with the reproductive stage of the birds, just when the protein demand is high ([@PLS027C39]; [@PLS027C3]).

The results do not enable us to determine whether seed predation by insects is reduced by the production of parthenocarpic fruits, as is the case with other plants ([@PLS027C11]; [@PLS027C64]; [@PLS027C53]; [@PLS027C65]; [@PLS027C60]; [@PLS027C41]). We suggest a detailed monitoring to determine the time intervals in the development, as well as enlarging the fruit sample, as our sample (50 fruits per three trees per species) is small if one considers that individual trees can produce harvests that range from a few hundred to several thousand fruits ([@PLS027C42]), and that populations can be very abundant. In species of Group A, in particular, it is necessary to carry out experiments that exclude the insects, in order to determine the real proportion of parthenocarpic fruits produced and occupied.

Birds feeding on fruits were seen in both study sites, suggesting there is a plant--bird interaction. It is important to examine whether this interaction plays an important role in the reproduction of the different species, as has previously been seen in *B. morelensis*, as well as the effect of endozoochory in germination, and of parthenocarpy in the removal of fruits ([@PLS027C39]; [@PLS027C3]; [@PLS027C40]). It is also important to determine whether the presence of insects in the fruits has negative effects in dispersion by frugivorous animals ([@PLS027C33]; [@PLS027C23]). In spite of being adapted for dispersion by birds, many seeds fall to the ground (barochory), increasing the possibility of secondary dispersion as another important mechanism by which the seeds are taken to favourable sites for their germination. It is necessary to determine which animal species participate in this process, and what their contribution is in the establishment of the seedlings, a key process in dry tropical seasonal forests ([@PLS027C61]). This information will help us to understand the intricate web of processes that are needed to sustain a plant community, and will contribute to ecological restoration plans, as is the case with other species ([@PLS027C19]; [@PLS027C29]; [@PLS027C31]).

Conclusions and forward look {#s5}
============================

The anatomical description of the fruit helps one to better understand the phylogenetic relationship between the Burseraceae and the Anacardiaceae families, while the phenological characteristics of the maturation process constitute a useful tool in future studies of ecological aspects such as germination and seed dispersal. The presence of insects in fruits of eight of the 12 species seems to be related to the structural characteristics of immature and parthenocarpic fruits. Nevertheless, a more detailed analysis of this interaction is necessary. Parthenocarpy is represented in the two sections into which the genus *Bursera* is divided; production of seedless fruits is energy saving for the plant because, on the one hand, it takes place during the early stages of development and, on the other, the production of defence structures and compounds stops. In this context, we need further studies that will determine the ecological role of these fruits and their impact on the reproductive success of the species.
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